The effects of high-temperature annealing on ferromagnetic Co-doped Indium Tin Oxide (ITO) thin films have been investigated using X-ray diffraction (XRD), magnetometry, and X-Ray Magnetic Circular Dichroism (XMCD). Following annealing, the magnetometry results indicate the formation of Co clusters with a significant increase in the saturation magnetization of the thin films arising from defects introduced during cluster formation. However, sum rule analysis of the element-specific XMCD results shows that the magnetic moment at the Co sites is reduced after annealing. The effects of annealing demonstrate that the ferromagnetism observed in the as-deposited Co-doped ITO films arises from intrinsic defects and cannot be related to the segregation of metallic Co clusters.
Introduction
Dilute magnetic oxides, formed by randomly substituting magnetic transition-metal (TM) ions into a host oxide, have attracted significant interest in recent years due to their potential application in spintronic devices [1, 2] . On the other hand room temperature ferromagnetism remains controversial in these materials because the classification of intrinsic or extrinsic ferromagnetism has proved particularly difficult [3] [4] [5] . Furthermore, ferromagnetism has been reported in oxides without TM ion doping [6, 7] calling into question the precise role of the TM impurities in establishing the ferromagnetic ordering.
A case in point is TM-doped Indium Tin Oxide (ITO) which exhibits room temperature ferromagnetism and has sparked considerable interest in its use as a transparent spin valve [8] [9] [10] [11] [12] . However, for optically transparent Co-doped ITO the Co ions have been observed to remain paramagnetic at low temperature ( = 2 K) and hence do not contribute to the long range ferromagnetic ordering [13] . Instead, calculations indicate that ferromagnetism is related to defect concentration rather than TM ion doping [14] . In particular, oxygen vacancies may play an important role in the emergence of ferromagnetism in these materials [15, 16] . Baqiah et al. recently showed that the magnetic behavior of Codoped ITO films made by a sol-gel process was sensitive to both the Co doping concentration and the density of oxygen vacancies as well as the estimated ratio of oxygen defects to Co ions [17] . Unfortunately, direct evidence for intrinsic ferromagnetism in this material remains elusive, but nowadays powerful element and site-specific probes such as X-Ray Magnetic Circular Dichroism (XMCD) and X-Ray Absorption Spectroscopy (XAS) are proving invaluable.
Here, we focus on ferromagnetic ordering in as-deposited and ultrahigh vacuum (UHV) annealed Co-doped ITO films using magnetometry together with XAS and XMCD. The annealing process is found to increase the saturation magnetization but decrease the magnetic moment per Co ion. This suggests that the ferromagnetism in the annealed films has a strong contribution from metallic Co clusters in contrast to the ferromagnetic response in the as-deposited Figure 1 : (a) -2 XRD diffractograms of the as-deposited (solid black line) and annealed films (red and blue solid lines); (b) an expanded view of the same -2 XRD diffractograms shown in (a) but focus is now put on the ITO (222) and ITO (400) peaks demonstrating the shift in the peak positions as the annealing temperature is increased to 975 K; (c) out-of-plane lattice parameter for as-deposited (squares) and annealed (circles) pure ITO (black) and Co-doped ITO (red) thin films.
films which we believe to be intrinsic and free from metallic clustering. In addition to this, magnetometry measurements reveal a ferromagnetic blocking temperature for the annealed films giving further evidence for metallic clustering.
Experimental Details
Co-doped (5.4 at.%) ITO thin films were codeposited using DC magnetron sputtering in a UHV system with a base pressure <1 ×10 −6 Pa. The 250 nm thick films were grown at 675 K on -plane sapphire substrates. A highly oxygendeficient environment was used to create significant oxygen deficiency in the films, most likely in the form of oxygen vacancies. Films were sputtered in 1.2 ± 0.01 Pa of an Ar-O 2 (95 : 5) mix (0.06 Pa O 2 ). UHV annealing was performed for 2 hours in the deposition chamber at 975 K. Magnetic characterization was carried out with a superconducting quantum interference device (SQUID) over a temperature range 2-300 K using magnetic fields of up to 0.5 T. XAS and XMCD measurements were performed over the Co 2,3 edges (2p→3 dipole transitions) on beamline I06, Diamond Light Source, using the UHV compatible superconducting high-field magnet which provides fields of up to 6 T and operates in a temperature range of 2-370 K. The sample was mounted on a custom-designed pure Cu block using silver paste for good electrical contact. All SQUID magnetic characterization was performed before the XAS and XMCD measurements. The samples were carefully handled, that is, using nonmagnetic tweezers, to minimize the possibility of contamination leading to a false ferromagnetic effect.
Results and Discussion
3.1. Structural Properties. X-ray diffraction was performed on a Bruker D8 diffractometer in Bragg-Brentano geometry with Cu K radiation and a position sensitive detector. Xray diffraction of the as-deposited and annealed films could be indexed assuming the cubic bixbyite structure of the pure ITO [18] . Lattice parameters were calculated based on profile-fitted cubic ITO reflections (211), (222), (400), (440), and (622), using the sapphire (001) reflections as an internal standard. The diffraction peaks were sharp, suggesting a high degree of crystallinity, with no detectable peaks corresponding to secondary Co oxides. Figure 1 shows -2 XRD scans of the as-deposited and that of the sample annealed at 975 K. To verify the absence of Co clusters further in our as-deposited samples, the integration time per point was raised significantly to 100 seconds. This still yielded spectra suggesting the absence of any metallic cluster formation. The same procedure was carried out on the annealed samples ending in the same outcome: within the detection limits of the instrument, no clusters could be detected even after hightemperature UHV annealing. Figure 1(b) shows an expanded view of the predominant ITO (222) peak and that of the ITO (400) peak for the as-deposited and two other films annealed at different temperatures.
There is no obvious significant shift in the ITO (222) peak position as the annealing temperature is changed. The only obvious change is the increased intensity of the ITO (222) peak at the highest annealing temperature (975 K), perhaps suggesting a marked increase in crystalline quality. However, there is a clear shift in the peak position of the ITO (400) peak towards higher values for 2 as the annealing temperature is increased and would suggest a decrease in the out-of-plane lattice parameter, . This is consistent with our own findings for pure ITO thin films which have been grown and annealed at different temperatures [19] .
Figure 1(c) shows the shifts in as a function of the annealing temperature for pure and Co-doped ITO thin films. It is clear that samples which have been doped with Co (red data points) have a lower . This can be explained by the substitution of Co 2+ , which has a smaller ionic radius, for In 3+ within the ITO matrix. We have shown in a previous study that will continue to decrease with increasing levels of Co doping [13] . Annealing the samples at 775 K resulted in a small increase in and may correspond to the migration of Sn ions in the ITO matrix and the out-diffusion of Co 2+ ions from In 3+ lattice sites, resulting in the formation of interstitial metallic Co clusters. Increasing the annealing temperature further may compound this effect and also result in increased out-diffusion of oxygen from interstitial sites. This could result in the relaxation of the lattice and explain the apparent drop in at higher 975 K. We note that these changes are very small and are within the specified experimental error. Therefore, from XRD alone we can only speculate such mechanisms upon annealing. Although there is no evidence for Co clustering from the XRD data, evidence that we present later suggests otherwise and again demonstrates the need for more powerful techniques to probe the true nature of magnetism in these materials.
Electrical Properties.
The films were metallic with a room temperature carrier concentration (determined via Hall measurements using the van der Pauw configuration) of 8.5 × 10 20 cm −3 which increased to 9.5 × 10 20 cm −3 after annealing. This implies that the annealing process introduced additional oxygen vacancies into the film along with improved substitution of Sn ions for In ions. Both the improved incorporation of Sn ions into the matrix and the creation of oxygen vacancies provide extra carriers for conduction.
Magnetic Properties.
In-plane magnetization (M) versus field ( 0 ) loops measured at room temperature for the as-deposited and annealed films are shown in Figure 2(a) . The diamagnetic background of the substrate and sample holder has been subtracted from all the magnetization data shown here. The maximum saturation magnetization, , for the as-deposited film is 1.02 emu cm −3 which increases to 2.55 emu cm −3 after annealing. In addition, the coercive field increases from ∼8 mT to ∼34 mT after annealing. Figure 2(b) shows the temperature dependence of the zero-field cooled (ZFC) and field-cooled (FC) magnetization measured in a field of 10 mT for the annealed Co-doped ITO film. There is a clear separation between the ZFC and FC curves at ∼272 K which represents the superparamagnetic blocking temperature, , and indicates the presence of magnetic nanoclusters. The value of can be used to estimate the cluster size using the relationship = Co / ln( / 0 ), where Co is the magnetic anisotropy energy density for Co (4.9 × 10 5 J m −3 ), is the volume of the nanoparticle, is the Boltzmann constant, is the experimental measurement time (taken to be 10 s), and 0 is the attempt period (1 × 10 −10 s). Assuming spherically shaped clusters, the particle radius is estimated to be 3.8 ± 0.1 nm. The ZFC-FC magnetization curve for the as-deposited sample showed no evidence of a superparamagnetic [13] . This clearly indicates that, aside from an increase in oxygen vacancy concentration as evidenced from the increase in carrier density, Co clusters are formed due to preferential reduction of Co 2+ ions in the reducing environment.
Further evidence to support the role that oxygen vacancies have on these films is demonstrated in Figure 3 which shows a series of room temperature magnetization loops for 5.4 at.% Co-doped ITO thin films grown under varying oxygen partial pressures. The figure clearly shows the reduction in the strength of the magnetic response as the oxygen partial pressure during growth increases. The inset also shows a clear correlation between magnetization and the carrier concentration: increasing carrier concentration results in an increase in the magnetic response (as was also seen by Stankiewicz et al. for their Co-doped ITO films) [8] . This gives clear evidence that oxygen vacancies play a crucial role in mediating magnetism in these films. Coey et al. proposed a bound magnetic polaron (BMP) mechanism involving oxygen vacancies to explain the ferromagnetic behavior in these TM-doped oxide films [20] . These vacancies are capable of forming so-called F-centers with trapped electrons. The overlapping of F-center electron orbitals with the orbitals of neighboring TM dopants to form TM-oxygen vacancy-TM groups is key to the observed ferromagnetism.
XAS and XMCD Measurements.
XAS and XMCD measurements were performed over the Co 2,3 edge at 2 K in an applied field of 4 T. The sample surface was oriented at 45 ∘ to the incident beam and the magnetic field was applied parallel to the direction of the incident X-ray beam. XAS spectra were recorded in total-electron yield (TEY) and fluorescence yield (FY) mode in order to measure the surface and bulk components, respectively. Figure 4 shows the TEY XAS spectra for a sample magnetization parallel ( + ) and antiparallel ( − ) to the photon helicity vector for a pure Co foil, the as-deposited film, and the annealed film. The XAS [21] . On the other hand, the pronounced XAS multiplet structure at the Co 2,3 edges for the as-deposited film (Figure 4(b) ) arises from Coulomb and exchange interactions between 2 core hole and 3 valence states and is typical for a Co 2+ ion. After annealing the XAS multiplet features at 3 peak shown in Figure 4 (c) are less pronounced, indicating an increased fraction of metallic Co. Figures 4(e) and 4(f) also show the corresponding XMCD spectra. The XMCD spectrum for the annealed sample (Figure 4(f) ) exhibits features which are a mixture of the metallic and Co 2+ spectra [13, 22] suggesting the presence of metallic and ionic Co 2+ near the surface region after annealing.
The presence of metallic Co in the annealed Co-doped ITO sample was also confirmed by XAS and XMCD spectra measured in FY mode and is shown in Figure 5 . Comparison of the XAS and XMCD spectra for the as-deposited and annealed films shows that the multiplet structure has been largely removed after annealing. The lineshape of the spectra is closer to that of metallic Co and suggests that the bulk of the film contains metallic Co clusters. This is consistent with the superparamagnetic blocking temperature measured in -(K) data shown in Figure 2 (b). The arrows in Figure 5 (a) indicate the emergence of two new features in the XAS spectrum which only appear after the annealing treatment. These new features may indicate hybridization of Co states to oxygen or In after the annealing process.
To probe the origins of the magnetism in the annealed films further, XAS and XMCD measurements were performed at 4 K and at remanence. The multiplet fine structure was still present in both TEY and FY XAS spectra, but no XMCD was detected in TEY. A very weak dichroic effect was, however, observed in the FY XMCD spectra and is indicative of a remanent ferromagnetic ordering (see Figure 6 ). In the as-deposited film, no remanent XMCD in TEY or FY mode was detected [13] confirming the paramagnetic nature of the Co 2+ ions.
Quantitative information regarding the orbital ( ) and spin ( ) components to the total magnetic moment per Co ion ( TOT ) was calculated by applying sum rules [21, 23] , where we have explicitly included the magnetic dipole term ( ) for the as-deposited and annealed films. For the Co foil the number of holes used for our calculations was 2.49 ( [21] ), but, in the case of the Co-doped samples, the number of holes was set to 3.00. The results of the analysis are shown in Table 1 . The value for the Co foil total moment is in excellent agreement with the theoretical value for Co metal (1.72 ) [24] . Within the error it is evident that the as-deposited and annealed films have a similar , but there is a marked reduction in for the annealed film. The quenching of is most likely due to a lowering in the degeneracy of the states arising from a change in the crystal field at the Co sites due to the clustering of the Co dopants. The value of TOT is lower than the theoretical value for the isolated Co 2+ ion (∼3.87 ( [25] )) with TOT reduced further upon annealing and closer to that of pure Co metal. Rode et al. observed similar reductions in the sum rule calculated magnetic moments [24] . They suggested that the origins of the reduction may be due to a lack of magnetic saturation. However, this is unlikely to be the case for our study conducted in a field of 4 T. On the other hand, antiferromagnetic interactions between nearest neighbor Co 2+ ions could also be responsible for the low value of the moment [24] . The rise in magnetization upon UHV annealing should therefore be largely ascribed to defects introduced during the formation of metallic Co clusters, as evidenced by changes in the XAS and XMCD spectra as well as the blocking temperature in the magnetization versus temperature response. The formation of oxygen vacancies during annealing provides a contribution to the overall ferromagnetic response by significantly enhancing the carrier density. Furthermore, these results demonstrate that the magnetism in the as-deposited Co-doped ITO film cannot be ascribed to cluster formation. We therefore class the ferromagnetic response in as-deposited Co-doped ITO as intrinsic.
Summary and Conclusions
In summary, we have shown that an increase in magnetization upon UHV annealing of Co-doped ITO at 975 K is due to the formation of ferromagnetic metallic Co clusters which have a lower magnetic moment per Co site than the Co impurities in the as-deposited film. Multiplet features in the Co 2,3 edge XAS spectra measured in both TEY and FY from the as-deposited film indicate that the Co impurities are divalent. This is also the case for the annealed sample at the near surface region, but bulk sensitive FY TEY spectra reveal the presence of substantial Co metal clustering. The results demonstrate that clustering is not the origin of the ferromagnetism observed in the as-deposited Co-doped ITO film. This study should therefore inspire further work to understand the fundamental role of intrinsic lattice defects in dilute magnetic oxides.
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